In scattering processes involving moving objects an exchange of electromagnetic and mechanical power takes place. The problem is considered for arbitrary objects in one, two, and three dimensions. It is shown that the energy balance depends on the scattering amplitude, evaluated at the frequency of excitation, on this frequency itself, and on the velocity in question. Three cases are considered: objects moving in free space, objects moving together with the surrounding medium, and objects moving through a medium, at rest with respect to the observer. An interesting result is the fact that objects moving in the direction of the incident wave cause a loss of electromagnetic energy smaller than the gain occurring when the objects move in the opposite direction. This is a first-order effect in the velocity.
INTRODUCTION
An early history of the problem of radiation pressure is given by Debye [1909] , who also cites earlier original studies, e.g., Maxwell. The problem of the radiation force on a moving mirror played an important role in the early days of the theory of relativity; Pauli [1958] gives a comprehensive survey of this phase. The problem is treated by Einstein [1905] ; this treatment marks the beginning of a consistent formalism based on the Lorentz transformation and the invariance of Maxwell's equations. Recently Restrick [1968] considered the problem of energy balance in the case of a perfectly conducting moving sphere. His results hinge on Debye's work. The motivation for Debye's paper was a problem in the physics of comets. Similar astrophysical problems are being re-examined these days, and the significance of radiation pressure is being considered in view of hitherto unknown phenomena, such as the solar wind. From an engineering point of view, the effect of radiation pressure on the trajectory of space vehicles must be evaluated. Hence the problem has lost none of its vigor over the years.
In many cases, it is the total radiation force acting on a body that is of interest, rather than the radiation pressure at each point on the surface. It is shown subsequently that the radiation force acting on an object depends on the scattering amplitude g, a function of directions only, related to the far-zone field. For many practical cases this function is not known analytically, but it may be easily measured in a scattering experiment conducted in the far field. In the latter case the relation of the scattering amplitude to the detailed geometry and the constitutive parameters is of no importance.
The one-, two-, and three-dimensional problems for objects moving in free space are considered. This is a special case of the class of problems involving objects moving together with the surrounding medium. The third class of problems considered involves objects moving through a medium at rest. To date this problem can be treated exactly only for the one-dimensional case; for the more interesting problems in two and three dimensions only a first-order formalism is available [Censor, 1970] .
In the case of moving objects the energy balance depends on the direction of the velocity relative to the direction of propagation of the incident wave.
For the one-dimensional case it is shown that if an object is illuminated by two waves of equal intensity coming from opposite directions, it tends to slow down.
STATEMENT OF THE PROBLEM
The geometry of the problem is defined in Figure 1 .
In frame of reference I' a surface $ is at rest. surface S. In the case of objects at rest, if the internal region is lossless, the net flux is zero. In the present case the radiation forces acting on the moving objects dissipate power; hence electromagnetic energy is gained or lost. Analytically, we have to make an appropriate statement regarding the Poynting theorem, which follows directly from Maxwell's equations for the electromagnetic fields. In two and three dimensions, even though the incident plane wave is taken as time-harmonic, the scattered wave depends on time in a more complicated way. Therefore the Poynting theorem must be considered with respect to arbitrary time-dependent complex fields as discussed, for instance, by Stratton [1941] . For sake of symmetry both the real and imaginary parts are included here, and the time-averaged Poynting theorem takes Since a surface integral is to be evaluated, the problem finally involves far-field forms, i.e., F• depends on the scattering amplitude for the object at hand. For v -0 the radiation force acting on the object at rest is obtained, as shown subsequently. For a lossy scatterer the volume integral in (7) includes the Joule losses in the scatterer; for brevity, only lossless objects are considered. The computation of (7) for various cases is the subject of the subsequent sections.
THE PROBLEM OF THE SLAB
The problem of radiation pressure acting on a moving mirror was considered by Einstein [1905 The last case to be considered in one dimension concerns a slab moving through a medium without perturbing it. The slab might be an artificial dielectric consisting of a material mesh through which the medium can pass freely. The problem might also bear on the case of scattering by a shock wave propagating in a medium and changing locally the constitutive parameters. The problem of scattering by a slab containing a medium that flows perpendicularly with respect to the interfaces has been discussed by Censor [1969] . Similarly, by considering the multiple scattering processes at the interfaces, new reflection and transmission coefficients may be defined for the present problem. In r we now have the external medium at rest. The incident plane wave is specified by ( Using (18), (20), and (10), which is valid too [Censor, 1969] , and computing the pressures from the energy density according to («)(D'.E' q-B'.I-I'), yields the same result (21); hence the invariance of the radiation pressure has been verified once more.
THE PROBLEM OF THE CYLINDER
The incident wave is given in I' (E field, say, polarized along the z axis of the cylinder) by (8). It is now necessary to form products, take time averages, and integrate on the surface according to (7). One is tempted to first take the far-field forms and work with these simple expressions. But in the far field x >> vt for the range of t of interest, and it will be shown that this introduces an ambiguity. When the near-field forms are manipulated first, and then the asymptotic approximations are made, it will become clear how the latter may be used directly, e.g., for three-dimensional cases.
For example, the terms EE* will be considered in detail. Forming the product in terms of the complex integral representation and time-averaging the inte- The problem of an object moving in a medium without perturbing it is considered by Censor [1970] . By inspection of the results in the far field it follows that, to the first order in the velocity, (37) and the expressions following it are valid for the present case too. Of course, g has now a velocity dependence that is implicit in these equations. Indeed, the slab results (20) and (21) for these two cases of material media are also identical to the first order in the velocity.
THREE DIMENSIONS
The results for three-dimensional cases follow in a straightforward way from the previous one-and two-dimensional considerations. It is only necessary to discuss the case of an object moving together with the surrounding medium. To the first order in t• the result is then valid for objects moving through a medium at rest. By taking C = c the exact result for objects moving in free space is obtained. The incident wave propagates, as before, in direction •, which is taken as the polar axis; the E field is polarized in the g direction, say, referred to as 4 -0. Analogously to which is the analog of (35).
